We investigate the reddening behaviors of young stellar objects (YSOs) in the photometric system of the InfraRed Array Camera (IRAC) onboard the Spitzer Space Telescope. We constructed a couple of model extinction laws for the IRAC wavelength range that are composed of a power-law function and a 9.7 μm absorption bump by silicates. We then calculated reddened colors of the YSOs in 3 different evolutionary stages with various masses and disk inclinations by convolving the adopted model spectral energy distributions (SEDs) with the spectral response functions of the IRAC bands for K S -band extinction values of up to 8 mag. We find that the reddening vectors of YSOs in the 
Introduction
Spitzer Space Telescope has been a great tool for detecting and studying deeply embedded young stellar objects (YSOs) and protostars in the near-and mid-infrared wavelength ranges. Photometry at [3.6] , [4.5] , [5.8] , and [8.0] μm bands of the InfraRed Array Camera (IRAC), sometimes together with nearinfrared J, H, and K bands and/or [24] μm band of the Multiband Imaging Photometer for Spitzer (MIPS), is widely used to identify YSOs and to study their properties (e.g., Allen et al. 2004; Robitaille et al. 2006; Gutermuth et al. 2008; Megeath et al. 2012) . Color-color (CC) (Allen et al. 2004) . For this reason, we concentrate on the reddening behaviors of YSOs in this CC diagram in the present study.
Photometry of the YSOs suffers extinction not only from interstellar medium but also from dense molecular clouds in which the YSOs are embedded. The amount of extinction differs even in the same molecular cloud and sometimes reaches as high as A K ∼ 8 mag (Cambrésy et al. 2011 ). Extinction correction is therefore a crucial step in estimating the intrinsic magnitudes and colors of the YSOs.
However, as shown by Kim et al. (2005 Kim et al. ( , 2006 and Kim & Lee (2007) , the reddening behavior of an object in the colormagnitude (CM) and CC diagrams is dependent on the spectral energy distribution (SED) of the object. Furthermore, the reddening vector can even be curved when the amount of extinction is significant. In this Note, we report the same reddening characteristics (SED dependence and nonlinearity of the reddening vectors) of YSOs in the IRAC bands.
We construct simple models for the extinction law in the IRAC bands in Sect. 2, and calculate the shifts of the effective wavelengths in Sect. 3. We then analyze the reddening behaviors in IRAC CC diagrams in Sect. 4 and summarize our work in Sect. 5.
Models

Model SEDs for YSOs
To study the extinction behavior of YSOs at various evolutionary stages, stellar masses, and disk inclinations, we have adopted the model SEDs by Robitaille et al. (2006) . These models cover a variety of parameters including stellar masses from 0.1 to 50 M , evolutionary stages from the early envelope infall stage to the late disk-only stage, and inclinations from 18
• (pole-on) to 87
The classification scheme of YSOs suggested by Lada (1987) and improved by subsequent authors (Wilking et al. 1989; André et al. 1993; Greene et al. 1994 ) uses the spectral index α (the slope of log λF λ to log λ) of the SED between 2-and 20 μm as an indicator. This system divides YSOs into four "classes": envelope-collapsing sources (0.3 ≥ α; Class I), flat spectrum sources (−0.3 ≤ α < 0.3; Flat), disk sources (−1.6 ≤ α < −0.3; Class II), and disk-dissipated sources (α < −1.6; Class III). This spectral index indicator, however, is sometimes insufficient to directly relate the class to the actual evolutionary stage of the object.
Article published by EDP Sciences A48, page 1 of 7 • (edge-on, black). Wavelength ranges of the four IRAC filters are marked with different tones of shades. We consider these 36 models in our analyses among 200 000 models provided by Robitaille et al. (2006) . Robitaille et al. (2006) show that the disk geometry also contributes significantly to the SED and changes the spectral index, particularly in the earlier stages where the infalling envelope obscures the central source. For this reason, instead of the spectral index indicator, they adopted the "stage" classification to refer the evolutionary stage of YSOs based on its envelope accretion rate (Ṁ env ) or disk mass (M disk ) as follows: objects with significant infalling envelopes and possibly disks (Ṁ env /M * > 10 −6 yr −1 ; Stage I), objects that have optically thick disks (Ṁ env /M * < 10 −6 yr −1 and M disk /M * > 10 −6 ; Stage II), and objects that have optically thin disks (Ṁ env /M * < 10 −6 yr −1 and M disk /M * < 10 −6 ; Stage III). Robitaille et al. (2006) provide 200 000 SED models for random but physically meaningful combinations of various values of 12 parameters, including the stellar mass, the envelope accretion rate and radius, and the disk accretion rate and radii at ten viewing angles (disk inclinations). For our analyses in this Note, we chose the models that have the closest stellar mass to 0.2, 2.0, and 20.0 M for each of three stages and four different disk inclinations (18.2
• , 48.5
• , 81.4
• , and 87.1 •1 ). The adopted model SEDs are shown in Fig. 1 . We note that the 36 chosen models are just a few samples of a variety of SEDs provided by Robitaille et al. (2006) and that models with similar stellar masses can have quite different SEDs if they have considerably different values for other parameters for the envelope, disk, and cavity.
Extinction law in the IRAC wavelength regime
A single power-law function (A λ ∝ λ −β ) with an exponent β of 1.6-1.8 has been widely used as an extinction law for the wavelength range covered by J, H, and K bands (∼1-∼2.5 μm). At the wavelength range covered by the IRAC bands (∼3-∼10 μm), shallower extinction laws (smaller β) have been obtained from various observations (Lutz et al. 1996; Indebetouw et al. 2005; Flaherty et al. 2007; Nishiyama et al. 2009, among others) . Furthermore, the 9.7 μm absorption feature by silicates can play an important role in the extinction at the IRAC wavelength regime (Indebetouw et al. 2005; Zasowski et al. 2009 ).
The exact extinction law in the IRAC bands is still quite uncertain, and finding or improving the extinction law in the IRAC bands is not within the scope of the present study. Instead, we model the extinction law as simply as possible with known observational and theoretical features and use it to find the characteristic reddening behaviors of YSOs in the IRAC CC diagrams.
Our model extinction law for the IRAC bands regime is composed of a single power-law function and a log-normal bump centered at 9.66 μm, the latter of which is for the absorption feature by astronomical silicates. Together with the extinction law in the near-infrared, our model can be written as
where the wavelength λ is in units of μm. We adopt β JHK = 1.7 for the slope in the near-infrared following Rieke & Lebofsky (1985) . We obtain the IRAC regime slope β IRAC = 0.68 by fitting observed A 3.6 /A K S , A 4.5 /A K S , and A 5.8 /A K S values, and determine the amplitude and width of the bump, c 1 and c 2 , by fitting the observed A 8.0 /A K S value. For observed A IRAC /A K S values, we considered the observations toward five star-forming regions by Flaherty et al. (2007 , the Ophiuchus, Orion A, Serpens, NGC 2024 /23, and NGC 2068 and one field in the Galactic plane by Indebetouw et al. (2005, l = 284 • region near the RCW 49), and adopted A IRAC /A K S values toward the Ophiuchus because this region approximately gives the median A IRAC /A K S values of the above six regions. (We call these extinction ratios "the Ophiuchus extinction law" 2 , hereafter.) Since the width of the bump is not certain and may even vary from clouds to clouds (Chiar et al. 2007 ), we consider two different cases here, the broad and short bump (c 1 = 0.3, c 2 = 14.3) and the narrow and tall bump (c 1 = 0.86, c 2 = 26). In the broad-bump case, we adopted the c 2 value from the extinction law of Rosenthal et al. (2000) and obtained c 1 that fits the observed A 8.0 /A K S value. In the narrow-bump case, we adopted the c 1 value from the case B, R V = 5.5 extinction law of Weingartner & Draine (2001) .
When fitting the A IRAC /A K S values, we convolved the SED of a Stage II YSO with a stellar mass of 2.0 M and an inclination of 81
• with the spectral response functions of the K S (K-short) band 3 and the IRAC bands 4 for extinction of A K S = 1. Our two model extinction laws are shown in Fig. 2 along with the convolved A IRAC /A K S values from our extinction laws and the observed A IRAC /A K S values by Indebetouw et al. (2005) and Flaherty et al. (2007) . 
Shift of the effective wavelength
As discussed in Sect. 1, Kim et al. (2005) and Kim & Lee (2007) showed that the reddening vectors in the near-infrared CM and CC diagrams can be noticeably nonlinear if the magnitude of the extinction is large enough, and they attributed this to the longward-shift (i.e., redshift) of the "effective wavelength" in a passband, which is caused by the wavelength-dependent extinction of the SED. The effective wavelength is defined by
where f λ is the reddened flux of the source, and S λ the spectral response function of the passband. We have examined the shifts of the effective wavelength in the IRAC photometry of YSOs for A K S values of up to 8 mag. While the effective wavelengths of the [3.6], [4.5], and [5.8] bands show redshifts as in the near-infrared bands, the effective wavelengths of [8.0] band shift shortward (i.e., blueshift) in most of the SEDs (see Fig. 3 , which shows λ eff values as a function of A K S for YSOs with an inclination of 81
• as a sample). This unusual behavior is caused by the inversion of the extinction slope at 7.5-9 μm due to the 9.7 μm bump, so has not been seen in the optical or near-infrared passbands.
The λ eff behavior as a function of extinction clearly shows an SED dependence, and this in turn results in the SED dependence of the reddening vectors in IRAC CC diagrams. The effects of the detailed SED shapes on the reddening behavior will be discussed in Sect. 4. 
SED dependence and nonlinearity of reddening vectors
We have calculated In the narrow-bump case, the SED dependence of the reddening vector is also seen, but its nonlinearity is more important. Many of the reddening vectors are inclined to the second quadrant when the extinction is low (A K S < 2-3). This means that the SED. The nonlinearity is not significant for the SEDs that have a dropout at 8 μm. For these SEDs, the effect of the narrow bump is negligible even for low extinctions.
The nonlinearity of the reddening vector, although small, is in fact seen in the broad-bump case as well. For example, the reddening vectors of Stage II YSOs with a stellar mass of 2.0 M and inclinations of 81
• and 87
• are nearly upright when A K S 2, but become moderately inclined to the first quadrant when the extinction is greater than ∼2. We note that for low extinctions (A K S 1), the angle of the reddening vector is primarily determined by the presence of a dropout or a bump in the SED: the former tends to result in reddening vectors inclined to the first quadrant, and the latter to the second quadrant.
The extinction ratios derived from observations by Flaherty et al. (2007) are commonly used extinction laws for the IRAC bands, and the Ophiuchus extinction ratios mentioned in Sect. 2.2 are approximate averages of the six extinction ratios given in Flaherty et al. Figure 6 shows the offsets between the actual intrinsic colors and the dereddened colors when the Ophiuchus extinction ratios are used in dereddening the "observed" IRAC colors for A K S = 1, 4, and 8 mag. These offsets are not to be directly regarded as dereddening errors, because our extinction laws (Eq. (1) Table 1 gives the minimum, median, and maximum offsets in the dereddened colors for A K S = 1, 4, and 8 mag among 80 284 samples that have disk inclinations of 18
• , 50
• , 81
• , and 87
• in the catalog of Robitaille et al. (2006) . The span (max−min) in the offsets for A K S = 4 is only 0.15 mag for • , 50
• in the catalog of Robitaille et al. (2006) . The intrinsic colors are marked with black dots. We apply extinctions of A K S = 1, 4, and 8 mag to the chosen SEDs, calculate their synthetic IRAC magnitudes, then deredden the magnitudes using the Ophiuchus extinction ratios. Blue lines connect the intrinsic color and the simulated, dereddend color for A K S = 1 mag of each SED, yellow lines connect the dereddend colors for A K S = 1 and 4 mag, and red lines connect the dereddend colors for A K S = 4 and 8 mag. The arrows in the upper-left corners indicate the reddening vector for the Ophichus extinction ratios for A K S = 2 mag. The solid and dotted lines indicate the Class II, Class I/II, and Class 0/I areas in the IRAC CC diagram as suggested by Allen et al. (2004) and Samal et al. (2012) .
Summary
We have investigated the reddening behaviors of YSOs in the Spitzer/IRAC bands. We constructed a couple of simple extinction laws for the mid-infrared wavelengths that are composed of a power-law function and a 9.7 μm bump. We calculated the reddening vectors in the IRAC CC diagrams for 36 YSO SEDs, and found that the reddening vectors are considerably SED-dependent and sometimes highly nonlinear. Our detailed findings can be itemized as follows: • in the catalog of Robitaille et al. (2006) .
